Summary
Poor sleep and short sleep duration are associated with weight gain and obesity (1) (2) (3) . One of the most probable mechanisms by which sleep influences body mass is through its impact on energy balance (4) . Experimental sleep restriction has been shown to be associated with increased caloric consumption (5) (6) (7) (8) (9) . In particular, the increase in caloric consumption was found to be a result of increased consumption of highly palatable food (HPF), characterized by high fat or high carbohydrate content, especially during evening hours (5) (6) (7) 10) .
Studies on experimental sleep restriction and food consumption provided compelling evidence for the role of sleep in altering food consumption. However, food consumption in controlled settings, especially ad libitum food consumption in a constrained environment with restricted activities, might be substantially different from dietary habits in naturalistic environments. Although food is abundant in the modern world, work and school, social cues and norms, costs of food and food preparation, food advertising and so forth all influence food intake in freeliving conditions (11) (12) (13) . The generalizability of the effect of experimental sleep restriction on food consumption within the laboratory may be limited. Self-reported naturalistic sleep duration has been shown to be associated with increased preference for calorie-dense food and increased caloric consumption (14) . However, the association between self-reported sleep duration and food consumption might be explained by psychological distress underlying self-reported poor sleep quality (15) . The use of sleep measures that are not biased by subjective distress is needed to clarify the association between naturalistic sleep and food consumption.
Several studies have found that actigraphy-assessed short sleep duration in naturalistic settings is associated with poorer dietary habits (16) and greater proportion of caloric consumption from fats (17) . Individuals with actigraphy-assessed late sleep timing were also found to have greater consumption of calorie-dense food (18) , especially in the evening hours (19) , than individuals with early bedtime and wake time. These between-individual associations, however, could be explained by interindividual differences in unmeasured variables. For instance, individuals who sleep less or have later sleep timing tend to engage in other unhealthy behaviour such as smoking, less physical activity, and greater alcohol use (20) . Evening chronotype is also associated with higher levels of psychological stress (21) , which is linked to emotional eating and increased caloric consumption (22) . These factors could be contributing to both inadequate sleep or late sleep timing and greater consumption of HPF. Prior studies have not examined whether the association between sleep and consumption of HPF exists at the within-individual level, i.e. if sleeping less or later on one night is associated with greater consumption of HPF in the following day for the same individual in freeliving conditions. An association at the within-individual level will be stronger evidence for the causal effect of sleep on dietary behaviour in naturalistic environments.
The present study examined the associations between actigraphy-assessed naturalistic sleep and consumption of HPF in free-living conditions in a sample of young adults. Based on the literature on food craving, HPF was defined as foods that have high fat or high carbohydrate content including high-fat foods, fast foods, sweets, starch and sugary drinks (23) . It was hypothesized that shorter sleep duration, later bedtime, and later wake time would be associated with greater consumption of HPF at both the between-individual and within-individual levels.
Methods

Participants and procedure
This study recruited 84 relatively healthy young adults, who consumed no more than five cigarettes and three cups of coffee per day and no more than 15 alcoholic beverages per week, did not have a psychiatric diagnosis at the time, had not been diagnosed with any neurological disorders, were not on any psychostimulants or psychiatric medications and were not on any restrictive diets to lose weight at the time. They were recruited through flyers posted in the university library and psychology department. All participants were either undergraduate or graduate students. Informed consent was obtained from participants on paper forms by an experimenter. Participants were informed that the purpose of the study was to examine the associations between sleep and eating habits and that they would be compensated for their participation with $30 cash.
Participants were asked to wear a wrist actigraph for seven consecutive days and also complete daily tracking of food consumption for the same 7 d. Four of the recruited participants withdrew from the study and did not provide any data. Two participants did not complete the data collection procedures, and their actigraphy data indicated that they did not wear the actigraphs as instructed, i.e. they did not wear the actigraphs during their sleep. Hence, data from these two participants were excluded from the study. Data from a total of 78 participants were included in this study. The Institutional Review Board approved the research protocol before participant recruitment began.
Assessment
Sleep parameters
Sleep parameters were assessed using actigraphy (Ambulatory Monitoring, Inc., Ardsley, NY. USA). Participants wore an actigraph on their non-dominant wrist. They recorded their time in bed and time out of bed on a daily tracking form. The variables used in this study included sleep duration, the actual time asleep at night in minutes; bedtime, the time the first asleep episode was initiated; and wake time. The algorithm used to estimate these variables has been validated against polysomnography (24, 25) .
Food consumption in free-living conditions
Preference for HPF in free-living conditions was assessed by food diaries. Participants were instructed to record food and beverages consumed for breakfast, lunch, dinner and snacks each day on the daily tracking form. Based on prior research on food craving, five groups of food were identified as HPF -(i) high fats, such as chicken nuggets, sausages, bacon, beef, cheese and gravy; (ii) fast food, such as pizza, French fries, hamburgers and tacos; (iii) sweets, such as pastries, candies and ice cream; (iv) carbohydrates, such as pasta, bagels, muffins, pancake and cereal; and (v) sugary drinks, such as flavoured milk, milkshake, fruit juice, soda and sport drinks (23) . Because the amount of food consumed was not recorded, the dependent variable was the presence or absence of highly palatable food in a meal, coded as 1 or 0. The dependent variables derived from the daily food tracking include the consumption of highly palatable food in (i) breakfast, (ii) lunch, (iii) dinner and (iv) snacks.
Covariates
On the daily tracking form, participants were asked to report on each day their (i) daytime nap duration; (ii) the number of minutes of exercise and (iii) walking; (iv) the number of cups of alcohol and (v) caffeinated beverages they consumed; and (vi) their perceived stress each day. Perceived stress was measured by the 4-item Perceived Stress Scale (26) . Items included "Feel unable to control important things in your life?" and "Feel confident about your ability to handle your personal problems?" Participants rated each of the items on a 1-5 response scale indicating how the statement applied to them with 1 indicating "never" and 5 "always." The scores for the 4 items were summed to form an overall perceived stress index. Body mass index was computed as weight in kilograms divided by height in metres squared. Body height was measured using a wall-mounted measuring tape, and weight was measured by an electronic digital scale, following the food tasting task.
Data analysis
Mixed modelling was conducted to examine the daily associations between sleep and consumption of HPF using the lmer package in R studio version 0.98.1103 (27) . The glmer function was used to conduct logistic multilevel models predicting the odds of consuming HPF in each meal of the day. The rates of missing data ranged from 10% to 20%, typical of longitudinal psychological and behavioural research (28) . Under the assumption that missing is at random, both full information maximum likelihood (FIML) and multiple imputation would be appropriate strategies for handling missing data. Given that FIML requires distributional assumptions and that the present dataset contained a mix of categorical and continuous variable, multiple imputation that allows more flexibility for data distributions was used to handle missing data (29) . Multiple imputation was conducted using the mice package in R specifically designed for multilevel data (30) .
In order to evaluate associations between sleep parameters and HPF consumption at both the withinindividual and between-individual levels, both the fixed effect of the within-individual sleep parameter and the fixed effect of the between-individual variability of the sleep parameter were included in each model. For instance, the equation of the multilevel model for sleep duration is as follows:
The dependent variable is the consumption of HPF on a given day (i) by a participant (j), which is a function of the fixed intercept (γ 00 ), the random intercept (u 00 ), the fixed effect of previous-night sleep duration (γ 10 , i.e. within-individual effect of sleep duration), the random slope (u 10 ), the fixed effect of the weekly average of sleep duration (γ 01, i.e. between-individual effect of sleep duration) and error (R ij ). Covariates that were found to be significantly associated with the outcome variables were added to the models as fixed effects. The same model was evaluated for each sleep parameter (sleep duration, bedtime and wake time). All within-individual variables were centred by group (person) means to capture only within-individual variability, while betweenindividual variables were centred by the grand mean (31) . In order to evaluate the independent effects of each sleep parameter, a multivariate model consisting of all the within-individual and between-individual effects of sleep duration, bedtime and wake time were tested.
Results
The demographic information of the sample is presented in Table 1 . The sample was primarily white, normal-weight young adults with roughly the same number of men and Table 2 . Sleep duration is negatively correlated with bedtime (r = À0.57, p < 0.001) but not with wake time (r = 0.04, p = 0.744). Bedtime is positively correlated with wake time (r = 0.56, p < 0.001). Table 3 presents the number of days over a week participants consumed HPF at each meal by sleep duration, sleep timing and sleep timing variability. Participants with average sleep duration shorter than 6 h, bedtime later than 2 a.m., bedtime variability greater than 90 min or wake time variability greater than 90 min consumed HPF at breakfast less frequently. Participants whose wake time variability was greater than 90 min consumed HPF at dinner more frequently. Among the covariates, women had greater likelihood of consuming HPF than men at breakfast (odds ratio, OR = 2.03 Table 4 presents the results of the mixed models. Both the between-individual and within-individual effects of bedtime on breakfast consumption of HPF were significant. The between-individual effect indicated that participants who had later bedtimes were less likely to consume HPF at breakfast than those who had earlier bedtimes (OR = 0.55, p < 0.001). There was a 45% reduction of the odds of consuming HPF for breakfast for each hour delay in bedtime. The within-individual effect indicated that participants were less likely (15% reduction of odds for each hour of delay) to consume HPF at breakfast on days when they went to bed later in the previous night than on other days when they went to bed earlier (OR = 0.85, p = 0.016). The between-individual effect of wake time on the likelihood of consuming HPF at dinner was significant, indicating that individuals who woke up later were more likely to consume HPF at dinner than those who woke up earlier (OR = 1.34, p = 0.027). There was an increase of 34% in odds of consuming HPF at dinner for each hour delay in wake time. Sleep duration was not significantly associated with the likelihood of HPF consumption at either between-individual or within-individual levels. However, there was a trend that individuals with longer sleep duration had greater odds of consuming HPF at breakfast (OR = 1.34, p = 0.066).
In the multivariate models with all sleep parameters and covariates included as predictors, the betweenindividual effect of bedtime was significant in predicting the odds of consuming HPF at breakfast and lunch (see Table 4 ). Individuals with later bedtimes had lower odds of consuming HPF (breakfast: OR = 0.51, p = 0.001; lunch: OR = 1.42, p = 0.029). On the other hand, individuals with later wake times had greater odds of consuming HPF at lunch.
Sensitivity analysis was conducted to evaluate if the results would be different using FIML instead of multiple imputations. All results were comparable and had the same patterns of association and levels of significance, except that the significance of the within-individual effect of bedtime on HPF consumption at breakfast reduced (OR = 0.83, p = 0.16). The reduction of significance level was likely due to reduced statistical power in FIML when about 30% of the rows (days) of data were omitted due to missing values.
Discussion
The present study examined the daily associations between objective sleep and the likelihood of consuming HPF in free-living conditions in a sample of healthy young adults. Shorter sleep duration and later sleep timing were hypothesized to be associated with greater consumption of HPF. Partly consistent with the hypotheses, individuals who had later wake times had greater odds of consuming HPF at dinner compared with individuals who had earlier wake times. When sleep duration and bedtime were taken into account, individuals with later wake times had greater odds of consuming HPF at lunch. On the other hand, later bedtime was found to be associated with lower odds of consuming HPF at breakfast at both the between-individual and within-individual levels. The Taken together, the present findings suggested that a sleep pattern characterized by later bedtime and later wake time was associated with a delayed shift of HPF consumption, which might predispose one to weight gain and obesity. The present findings were largely consistent with prior studies in which greater caloric consumption was observed in the evening hours among individuals with experimentally delayed bedtime (5) or late sleep timing in free-living conditions (19) . The significant association between later bedtime and lower odds of consuming HPF at breakfast in free-living conditions was novel. This effect was significant at the within-individual level indicating that delaying bedtime for one night was associated with lower likelihood of consuming HPF in the following day. The significant between-individual effect of bedtime remained significant after controlling for sleep duration and wake time, suggesting that individuals with later bedtimes had lower likelihood of consuming HPF at breakfast even after the effects of sleep duration and wake time. Although non-significant, this pattern of decreased caloric consumption earlier in the day was also observed in Baron et al. Lower caloric consumption was also observed from 08:00 to 14:59 during ad libitum food access following experimentally delayed bedtime (5). Nonetheless, without measuring the calories consumed, the present findings might reflect a preference for HPF but not an increase in the number of calories consumed.
Late sleep timing might increase consumption of HPF in the evening through two pathways. First, prior research has found that there is an endogenous circadian rhythm in appetite and appetite for HPF, characterized by low appetite in the morning and a peak in appetite in the evening, independent from the effect of calories consumed, sleep duration or wake time (32) . Delayed bedtime extends wake hours in the evening and thus increases opportunities for eating when appetite and especially appetite for HPF is the highest. Second, delayed wake time reduces the opportunities for calorie intake earlier in the day and likely results in greater hunger in the later part of the day. Indeed, in a sample of free-living adults in Japan, greater energy intake and especially caloric intake from fats in the morning was found to be associated with decreased caloric consumption in the rest of the day (33) . Recent research suggests that greater consumption of calorie-dense foods earlier in the day might be associated with lower risks of obesity in adults. For instance, in a longitudinal population-based cohort study in Spain, greater caloric consumption at lunch was associated with lower risk of gaining 3 kg of weight over three and a half years (34) .
Participants with less than 7 h of sleep on average consumed HPF at breakfast for fewer days. There was a trend association between shorter sleep duration and lower likelihood of consuming HPF at breakfast. In the multivariate models in which bedtime and wake time were taken in account, the effects of sleep duration on HPF consumption were not significant. These findings suggest that the effect of sleep duration on HPF consumption might be explained by sleep timing. In a prior experimental study, increased caloric consumption was observed in healthy adults following a night of delayed bedtime but not following five nights of sleep restriction, suggesting that delayed bedtime rather than sleep duration was more predictive of caloric consumption in controlled settings (5) . Alternatively, the non-significant effect of sleep duration might be due to inadequate statistical power for detecting small effects. Future studies with larger sample sizes in free-living conditions are needed to clarify the independent and combined effect of sleep duration and sleep timing on weight gain and the risk of obesity in naturalistic environments.
Participants with greater sleep duration variability and sleep timing variability also demonstrated a pattern of lower HPF consumption earlier in the day but greater consumption in the evening. Prior studies have found that higher sleep duration and sleep timing variability were associated with greater caloric intake and body mass index (35, 36) . The present findings suggest that the association between sleep variability and risk of obesity might also be mediated by a delayed shift of HPF consumption. Additionally, highly variable sleep schedules might lead to variable meal timing, which is associated with decreased thermic effect of food and subsequent decreased energy expenditure (37) and subsequently increases the risk of weight gain and obesity.
Most of the significant associations found in this study were small effects, and actual caloric consumption was not measured. While recent research has consistently found a relationship between sleep timing and dietary patterns, the association between sleep timing and obesity or body mass has not been consistently observed (38) . The effects of sleep on weight changes might be rather small and might only be clinically significant over a long period of time. Alternatively, the relationship between sleep and weight might exist in some people but not others (36, 38, 39) . Future studies are needed to examine the relationship between naturalistic sleep and risks of obesity for longer periods of time or in larger samples that allow for the examination of moderation effects. These studies are necessary to advance the understanding of the clinical implications of sleep in the prevention and treatment of obesity.
The sample was a convenient sample of young adults who were all students at the time whose sleep schedules might differ significantly from working young adults.
Hence, the present findings might not generalize to working young adults and older adults. Additionally, this sample consisted of relatively healthy adults. The relationship between sleep and food consumption might differ among individuals with obesity. The paper food diaries used to access HPF consumption might subject to self-report biases. Twenty-four-hour dietary recall interviews would provide more accurate estimations of food consumption. Moreover, the amount and nutritional contents of food consumed were not assessed. Without data on energy and nutrient intakes, the present findings of the effects of sleep timing on HPF preferences could not be interpreted as effects on actual caloric consumption. The timing of each meal was not recorded. Meal timing could vary across individuals and might confound the results. Additionally, the timing of menstruation was not assessed in the female participants. Research suggests that menstrual cycle might impact food consumption in female participants and confound the results of this study. Finally, although the rates of missing data of this study were typical of longitudinal behavioural research, new technology could be used to reduce the rates of missing data such as using wrist-worn actigraphs that can momentarily detect off-wrist periods and generate messages to remind participants to wear actigraphs and complete daily measurements.
Conclusions
This study found that individuals with later sleep timing had lower consumption of HPF earlier in the following day but greater consumption of HPF later in the following day in free-living conditions. Additionally, withinindividual analysis indicated that going to bed later on one night was associated with lower consumption of HPF at breakfast in the following day. These findings suggest that later sleep timing was associated with a clockwise shift of the preference for HPF. Future research is needed to evaluate whether preference for HPF later in the day contributes to increased caloric consumption and/or increased risk of weight gain.
